The innate immune system senses nucleic acids by germlineencoded pattern recognition receptors. RNA is sensed by Toll-like receptor members TLR3, TLR7 and TLR8, or by the RNA helicases RIG-I (also known as DDX58) and MDA-5 (IFIH1) 1 . Little is known about sensors for cytoplasmic DNA that trigger antiviral and/or inflammatory responses 2-6 . The best characterized of these responses involves activation of the TANK-binding kinase (TBK1)-interferon regulatory factor 3 (IRF3) signalling axis to trigger transcriptional induction of type I interferon genes 2,3 . A second, less well-defined pathway leads to the activation of an 'inflammasome' that, via caspase-1, controls the catalytic cleavage of the pro-forms of the cytokines IL1b and IL18 (refs 6, 7). Using mouse and human cells, here we identify the PYHIN (pyrin and HIN domain-containing protein) 8 family member absent in melanoma 2 (AIM2) as a receptor for cytosolic DNA, which regulates caspase-1. The HIN200 domain of AIM2 binds to DNA, whereas the pyrin domain (but not that of the other PYHIN family members) associates with the adaptor molecule ASC (apoptosis-associated speck-like protein containing a caspase activation and recruitment domain) to activate both NF-kB and caspase-1. Knockdown of Aim2 abrogates caspase-1 activation in response to cytoplasmic double-stranded DNA and the double-stranded DNA vaccinia virus. Collectively, these observations identify AIM2 as a new receptor for cytoplasmic DNA, which forms an inflammasome with the ligand and ASC to activate caspase-1.
The innate immune system senses nucleic acids by germlineencoded pattern recognition receptors. RNA is sensed by Toll-like receptor members TLR3, TLR7 and TLR8, or by the RNA helicases RIG-I (also known as DDX58) and MDA-5 (IFIH1) 1 . Little is known about sensors for cytoplasmic DNA that trigger antiviral and/or inflammatory responses [2] [3] [4] [5] [6] . The best characterized of these responses involves activation of the TANK-binding kinase (TBK1)-interferon regulatory factor 3 (IRF3) signalling axis to trigger transcriptional induction of type I interferon genes 2, 3 . A second, less well-defined pathway leads to the activation of an 'inflammasome' that, via caspase-1, controls the catalytic cleavage of the pro-forms of the cytokines IL1b and IL18 (refs 6, 7) . Using mouse and human cells, here we identify the PYHIN (pyrin and HIN domain-containing protein) 8 family member absent in melanoma 2 (AIM2) as a receptor for cytosolic DNA, which regulates caspase-1. The HIN200 domain of AIM2 binds to DNA, whereas the pyrin domain (but not that of the other PYHIN family members) associates with the adaptor molecule ASC (apoptosis-associated speck-like protein containing a caspase activation and recruitment domain) to activate both NF-kB and caspase-1. Knockdown of Aim2 abrogates caspase-1 activation in response to cytoplasmic double-stranded DNA and the double-stranded DNA vaccinia virus. Collectively, these observations identify AIM2 as a new receptor for cytoplasmic DNA, which forms an inflammasome with the ligand and ASC to activate caspase-1.
Our current understanding of the mechanisms sensing cytoplasmic DNA is limited 9 . A candidate receptor called DAI (DNA-dependent activator of interferon (IFN)-regulatory factors) has been implicated in the DNA-induced type I IFN pathway 4 . The NLR family member NLRP3 has also been shown to activate caspase-1 in response to internalized adenoviral DNA 6 . Caspase-1 activation in response to transfected bacterial, viral, mammalian or synthetic DNA, however, does not involve NLRP3, although the adaptor molecule ASC is required 6, 7 .
We proposed that an upstream activator of this double-stranded DNA (dsDNA)-activated ASC pathway would contain a pyrin domain (PYD) for homotypic interaction with ASC, and at least one other domain for direct binding to DNA or for association with an upstream receptor. In addition to NLRP3 (ref. 10), NLRP6 (ref. 11) and NLRP12 (ref. 12 ) have previously been shown to associate with ASC. Although ASC-deficient macrophages failed to activate caspase-1 and trigger IL1b release in response to poly(dA-dT) N poly(dA-dT) (hereafter referred to as poly(dA:dT)) 2 , macrophages lacking NLRP3, NLRP6 and NLRP12 responded normally ( Fig. 1a) . Surprisingly, we found that macrophages lacking ASC produced higher levels of IFNb and IL6 in response to poly(dA:dT), which was not observed in cells lacking NLRP3, the IL1 receptor, or to a lesser extent caspase-1 ( Supplementary Fig. 1a-d ). Poly(dA:dT)-induced cell death also occurred in an ASC-dependent manner ( Supplementary Fig. 1e , f). We speculate that the increased cytokine production in ASC-deficient cells relates to their resistance to poly(dA:dT)-induced cell death. In addition to poly(dA:dT), dsDNA from natural sources activated caspase-1 cleavage ( Supplementary Fig. 2a, b) . In contrast, a small immunostimulatory oligonucleotide 3 , long single-stranded DNA (ssDNA; poly(dI)), transfected dsRNA or the ssRNA virus Sendai virus failed to trigger this response in Nlrp3-deficient macrophages (Supplementary Fig. 2c ).
Searching the PFAM database 13 we identified several PYD-domain containing proteins, which also contained a HIN200 domain, previously shown to bind DNA 14, . In humans, the HIN200 family consists of four members 15 : IFIX (also known as PYHIN1) 16 , IFI16 (ref. 17), MNDA 18 and AIM2 (ref. 19) . A multiple-sequence alignment of PYD domains from these proteins with PYD domains from some of the NLR proteins is shown in Fig. 1b . Sequence analysis of IFIX, IFI16 and MNDA predicted their nuclear localization, in contrast to AIM2, which was predicted to be cytosolic (Fig. 1c , bottom panel). Consistent with these predictions, fluorescent protein chimaeras of IFIX, IFI16 and MNDA localized to the nucleus, whereas AIM2 was almost exclusively cytoplasmic ( Fig. 1d ).
To study the possibility that these PYHIN proteins associated with ASC, we generated carboxy-terminally tagged PYD-CFP (cyan fluorescent protein)-domain fusions (which lacked the putative nuclear localization sequences identified above). Indeed, all of the PYD-CFP fusions were localized to the cytoplasm ( Supplementary Fig. 3 ). To test whether induced clustering of the PYD-CFP fusions led to association with ASC-YFP (yellow fluorescent protein), we used a human embryonic kidney 293 cell line that stably expressed ASC-YFP at low enough levels to be polydispersed throughout the cytoplasm ( Fig. 2a , mock). Indeed, overexpression of the NLRP3-CFP-tagged PYD domain led to the formation of large cytosolic aggregates, which co-aggregated with ASC-YFP ( Fig. 2a ). Notably, in most transfected cells, extensive intracellular co-localization with ASC-YFP was observed with a complete loss of the cytoplasmic distribution of ASC-YFP 10, 11, 20 . Of all the PYHIN-PYD proteins tested, only AIM2-PYD led to complex formation with ASC ( Fig. 2a, b and Supplementary Fig. 4 ). Similar results were obtained with full-length AIM2-CFP but not with full-length IFIX, IFI16 or MNDA, which were all localized to the nucleus (Fig. 2a, b and Supplementary Fig. 5a, b) . Additionally, only AIM2-PYD and NLRP3-PYD were found to bind haemagglutinin (HA)-tagged ASC in co-immunoprecipitation studies ( Fig. 2c ). Furthermore, endogenous ASC associated with endogenous AIM2, but not with IFI16 in primed THP-1 cells (Fig. 2d ). 300  250  200  150  150  150  0  300  250  200  150  150  150  0  300  250  200  150  150  150  0  300  250  200  150  150  150  0  300  250  200  150  150  150  0  300  250  200  150  150  150  0   300  250  200  150  150 intensities of green (ASC-YFP) and red (PYD-CFP) channels were quantified along the white lines in a and the percentage of ASC-YFP speckles was calculated. c, 293T cells transfected with HA-ASC and CFP-tagged constructs as in a were immunoprecipitated (IP) with an anti-HA antibody and immunoblotted (IB) as indicated. d, ASC was immunoprecipitated from Sendai-virus-primed THP-1 cells, and ASC, IFI16 and AIM2 were examined by immunoblotting. The band above the AIM2 band in the ASC immunoprecipitation corresponds to the heavy chain of the anti-ASC antibody. e, NF-kB luciferase reporter gene activity was measured on transfection with the indicated plasmids. Data are representative of one experiment out of three (a-d) or out of two (e). Error bars, s.d. 
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To examine the functional relevance of AIM2-ASC complex formation, we examined NF-kB reporter gene activity in cells overexpressing the PYHIN-PYD proteins in the presence of ASC. Only NLRP3-PYD and AIM2-PYD led to potent NF-kB activation (Fig. 2e ). The effect of full-length AIM2 was even more marked (Fig. 2e, bottom panel) . The full-length versions of IFIX, IFI16 and MNDA failed to activate NF-kB ( Supplementary Fig. 5c ). ASC was absolutely required, because no substantial NF-kB reporter activity was observed in cells not transfected with ASC. No substantial activation of the IFNb promoter reporter gene was observed with any of the PYHIN family members ( Supplementary Fig. 6 ).
We next examined whether the AIM2-ASC complex could lead to the formation of a functional inflammasome complex and caspase-1dependent maturation of pro-IL1b. We used a transient transfection assay overexpressing the respective proteins of interest in the presence of ASC, caspase-1 and Flag-tagged pro-IL1b in 293T cells and monitored the cleavage of pro-IL1b by immunoblotting. Among the PYD proteins tested, only NLRP3-PYD and AIM2-PYD induced maturation of pro-IL1b, when ASC and caspase-1 were co-expressed ( Fig. 3a) . Full-length AIM2 was even more potent than AIM2-PYD ( Fig. 3a, lower panel) . Neither the PYD domain nor the full-length versions of IFIX, IFI16 or MNDA induced IL1b cleavage ( Supplementary Fig. 7) .
To study the role of AIM2 in cells with a functional poly(dA:dT)triggered or dsDNA-virus-induced inflammasome complex, we used lentiviruses encoding short hairpin RNAs (shRNAs) to knock down Aim2 in immortalized murine macrophage cell lines (B6-MCLs or N3-KO-MCLs) 7 . AIM2 was expressed constitutively both in primary macrophages and in B6-MCLs, and was further induced by poly(dA:dT) or Sendai virus ( Supplementary Fig. 8) . Three different shRNAs were tested, of which two (Aim2 shRNA2 and shRNA3) resulted in a strong reduction of Aim2 expression ( Fig. 3b ). Knocking down Aim2, but not an unrelated gene, resulted in a strong attenuation of both poly(dA:dT)-mediated IL1b release ( Fig. 3c ) and caspase-1 cleavage (Fig. 3d ). Targeting human AIM2 in THP-1 cells using short interfering RNA (siRNA) corroborated these findings ( Supplementary Fig. 8d, e ). Moreover and consistent with what we had seen in ASC-deficient macrophages ( Supplementary Fig. 1) , knocking down Aim2 resulted in a marked enhancement of poly(dA:dT)-mediated type I IFN induction ( Supplementary Fig.  8b ). This effect was specific because the IFNb response to Sendai virus was unaffected ( Supplementary Fig. 8c ). Furthermore, in agreement with the results obtained in ASC-deficient macrophages, macrophages that were targeted with Aim2 shRNAs were resistant to poly(dA:dT)-triggered cell death (Fig. 3e ). We also examined the role of AIM2 in the recognition of the dsDNA vaccinia virus. Similar to what we had observed with transfected poly(dA:dT), vacciniavirus-induced caspase-1 cleavage occurred in an ASC-dependent but an NLRP3-independent manner (Fig. 3f) . This effect was also dependent on AIM2, because shRNA-mediated knockdown of Aim2 impaired vaccinia-virus-induced caspase-1 cleavage but not that induced by anthrax lethal toxin (Fig. 3g ). Knockdown of a control protein did not affect caspase-1 cleavage after vaccinia virus infection. Vaccinia-virus-triggered cell death was also strongly reduced in Aim2-shRNA-targeted macrophages, but not in control macrophages (Fig. 3h ). Altogether, these results indicated that AIM2 controlled inflammasome activation and cell death in response to dsDNA and the dsDNA vaccinia virus.
To determine whether AIM2 could be involved in the recognition of dsDNA directly, we generated fluorescein-labelled poly(dA:dT), (FITC-DNA), and co-transfected FITC-DNA together with CFPtagged versions of full-length AIM2, AIM2-HIN, AIM2-PYD or full-length NLRP3. Whereas cells expressing NLRP3 or AIM2-PYD showed no co-localization of the respective proteins with FITC-DNA, full-length AIM2 and AIM2-HIN showed extensive co-localization with FITC-DNA and led to the formation of DNA and protein aggregates in the cytosol (Fig. 4a) . We used single cell flow cytometry fluorescence resonance energy transfer (FRET) measurements to quantify these interactions (Fig. 4b) 21 . A dose-dependent increase in FRET between full-length AIM2 and FITC-DNA was seen, whereas AIM2-PYD did not lead to measurable FRET. Other proteins such as NLRP3 and IFI16 did not show any FRET (data not shown). vaccinia-virus-triggered inflammasome activation. a, 293T cells were transfected as indicated and the cell lysates were immunoblotted for pro-IL1b (.) and cleaved IL1b (2) . b, B6-MCLs were transduced with lentiviral vectors encoding shRNAs as indicated, and Aim2 and Hprt1 were measured by quantitative rtPCR. c, LPS-primed cells as in b were stimulated as indicated for 6 h and IL1b in the supernatants was measured by ELISA. The poly(dA:dT)-triggered IL1b release was normalized to the ATP-induced IL1b levels. Absolute values for ATP-triggered IL1b release were 1,790, 2,078, 2,676 and 1,119 pg ml 21 for Aim2 shRNA1, shRNA2, shRNA3 and control, respectively. d, Macrophages as in b were treated as indicated, and the cleavage of caspase-1 was measured by immunoblotting after 6 h. e, Macrophages transduced with shRNA were transfected as indicated and cells were counted 24 h later. f, Macrophages from the indicated strains were treated as indicated and cleavage of caspase-1 was measured after 6 h. g, Nlrp3deficient shRNA-expressing macrophages as in b were infected as indicated and assessed for cleavage of caspase-1 after 6 h. h, Cells as in b were infected as indicated and cell survival was measured by calcein AM staining 24 h later. MOI, multiplicity of infection. One representative experiment out of three (a, d-h), four (c) or five (b) is depicted. Error bars represent s.d.
Furthermore, binding studies using purified AIM2, AIM2-HIN and AIM2-PYD with biotinylated poly(dA:dT) (biotin-DNA) showed that AIM2 directly interacted with poly(dA:dT) with high affinity; only full-length AIM2 or the AIM2-HIN was able to bind biotin-DNA (Fig. 4c ). Binding of poly(dA:dT) to AIM2 was specific, because AIM2 did not bind biotin-lipopolysaccharide (LPS), which bound to soluble CD14 under similar assay conditions (Fig. 4d ). Collectively, these data identify AIM2 as a receptor for cytosolic dsDNA, which forms a new inflammasome complex with ASC to activate caspase-1-mediated processing of IL1b. Our data also indicate that the activation of the AIM2 inflammasome is important in innate immunity to vaccinia virus. Because bacterial pathogens such as Francisella tularensis 22 and aberrant host DNA in pathological autoimmunity 23 also trigger the IL1b pathway, it will be important to define the role of AIM2 in these responses. Further characterization of the AIM2 inflammasome as a sensor of microbial, as well as host DNA, may therefore enable the rational design of new therapies and treatments for infectious as well as autoimmune diseases.
METHODS SUMMARY
Reagents and mice. All complementary DNAs were cloned by PCR from cDNA into pEFBOS-C-term-CFP and subcloned into pEFBOS-C-term-Flag/His. Biotinylated and FITC-labelled poly(dA:dT) were made by adding biotin-dUTP or FITC-dUTP (Fermentas) at a molar ratio of 1:8 to dTTP in the enzymatic synthesis of poly(dA:dT) as described 24 . Vaccinia virus (Western Reserve strain) was from K. Rock. The anti-human AIM2 antibody (3B10) was from R. Johnstone. Nlrp3 2/2 and Pycard 2/2 mice were as previously described 25 . Both strains, as well as NlrP6 2/2 and Nlrp12 2/2 mice, were from Millennium Pharmaceuticals. Caspase-1-deficient mice were from R. Flavell. Il1r1 2/2 mice were from Jackson Laboratories.
Bone-marrow-derived macrophages were stimulated as indicated. Poly(dA:dT) DNA and all other DNAs were transfected using Lipofectamine 2000 at a concentration of 1 mg ml 21 . Cell culture supernatants were assayed for IL1b using ELISA kits from BD Biosciences. Confocal microscopy was performed on a Leica SP2 AOBS confocal laser scanning microscope. FRET efficiencies were calculated on a cell-by-cell basis 21 and histograms were plotted with GraphPad Prism 5.01 (GraphPad Software). Immunoblot analysis was conducted as previously described 7 . Quantitative real-time PCR (rtPCR) analysis was performed as previously described 26 . Lentiviral shRNAs targeting Aim2 were obtained from OpenBiosystems and shRNA silencing was carried out as described (http://www.broad.mit.edu/genome_bio/trc/publicProtocols.html). The AlphaScreen (amplified luminescent-proximity homogeneous assay) was set up as an association assay and read with the Envision HT microplate reader (Perkin Elmer). Reporter assays for NF-kB or IFN luciferase reporters were carried out as previously described 26 . 
